In the present study, the acoustic performance of an automotive air handling system is analyzed using computational aeroacoustics methods. The purpose of this study is to develop a comprehensive method to quantify noise sources and predict sound quantities at any location in the system as well as in the exterior field. Flow of air and vibration of structures are solved simultaneously in the time domain. Results are then postprocessed to derive sound sources. Sound pressure levels at desired locations in the exterior field are then predicted. Predictions were compared with preliminary test data. Also compared is a simulation of the same system using a Helmholtz equation solver, but without taking into account the average fluid flow.
INTRODUCTION
Although experimental sound measurements often are manageable to handle, analyzing the origin of noises based on measurement remains to be a challenging task. Numerical prediction of noise sources thus becomes increasingly desirable today. The related applications in the automotive industry, such as the ventilation and exhaust systems, fans, and exterior aerodynamics, may involve phenomena of fluid flow, structural vibration, and noise. There is a definite need to develop effective tools and methods to solve these complicated problems.
In this paper, the acoustic performance of an automotive air handling system is analyzed using the computational aeroacoustics (CAA) methods. The phenomena involved in an air handling system are quite complicated and may include turbulent flow of air, flow and sound through porous media, structural response of the casings and ducts, as well as noise radiation within enclosures, from duct openings, and from the structure. How to solve this problem effectively and efficiently?
A simple approach is to solve in one direct simulation the various physical phenomena involved, including unsteady turbulent wakes, pulsed flow, fluid/structure coupling (noise transmission), wave propagation (noise radiation). The advantage of this approach is that one does not need to master different methods and tools to solve the different aspects of the problem. Tedious data transfer and elaboration of separate models are also avoided. A methodology was developed around the Radioss-CFD solver with this thought on mind.
The purpose of this paper is to present the methodology developed for acoustic simulation of an air handling system. The case studied here is a full air handling system at an early design stage simulated in an anechoic environment. The blower noise is assumed as a given loading for the system and is modeled as an equivalent piston, whose characteristics were derived from experimental data. The flow of air is simulated together with structural responses in the time domain. After quasi stationary modes of oscillations are achieved, velocity signals on the envelope of the computational domain are stored in a database. The acoustic results are then postprocessed using Fourier's transform to derive sound spectra. Maps of sound intensity allow for visualizing the locations of main noise sources. Furthermore, with an approximate monopolar model, sound pressure levels are predicted for interested locations in the exterior field.
In addition to the approximate method, sound pressure levels in the exterior field are also predicted using a boundary element method (BEM) Helmholtz equation solver. The two results are then compared together. A comparison with preliminary experimental data was also pursued.
Finally, as an extended effort, the full air handling system is simulated using the BEM solver for a comparison with the CAA simulation. The same blower noise data are again the loading input to the system. However, neither the average flow effects, nor the evaporator and heater damping effects are considered in this calculation.
METHODOLOGY
The methodology was developed for the present application around the specific solver used here. It is briefly described in the following.
CHARACTERS -The important characters related to the solver and the application are summarized.
ALE formulation -This finite element code solves the compressible Navier-Stokes (N-S) equations in an Arbitrary Lagrangian Eulerian (ALE) description [1] . In this formulation, physical variables are traced at arbitrary moving locations. The conservation of mass, momentum, and energy can be summarized as
where w is the velocity at which a node of the grid moves, and u is the material velocity of the fluid particle at that node. These equations degenerate to those in the Lagrangian formulation when w = u, and to those in the Eulerian formulation when w = 0.
For problems involving fluid flow and structure interactions, a structure is modeled in the Lagrangian description, whereas fluid in quasi Eulerian description. Both are easily described in terms of one set of equations without handling complex interfaces between them.
Compressibility -In the present approach, wave propagation is taken into account by the compressibility of the medium. Since N-S equations include Burger's equations (i.e. the wave equation), fluid flow and acoustics can be solved at the same time. Sound quantities thus can be obtained for any node in the computational domain.
Time integration -A solution is pursued in the time domain, with an explicit central-difference scheme for time integration. Time integrations are performed separately for the structure and the fluid because critical time steps generally are much smaller for the former. This strategy greatly improves the efficiency of the computation. Convection terms are handled using standard upwind schemes. Streamline upwind Petrov Galerkin method [2] will be evaluated in the future for improved performance.
Turbulence -Natures of a turbulent flow are included in the full N-S equations. Theoretically, a direct solution to the N-S equations is able to reproduce all turbulence. However, to simulate all eddies in the flow from the largest to the smallest structures requires intensive computation. Turbulence modeling saves computational effort by introducing additional equations to estimate the macroscopic effects of the smaller structures of a turbulent flow. The standard k-ε model [3] is utilized here. Elements near the wall are treated specially, with boundary layers considered. By nature, Reynolds-average models such as k-ε take into account the average flow field and thus do not explicitly reproduce the noise generated by turbulence in the system. Thermal effects -No temperature variations are considered. The study is treated as being adiabatic, meaning there is no thermal exchange and no thermal diffusion. Temperature only depends on the density of the air. As the density variations involved are very low, the resulted temperature variations are negligibly small, approximating an isothermal assumption. In this study, material properties are referenced at room temperature.
Computation domain -The simulated configuration is the maximum A/C operation mode with the rear door open and by-pass door closed. Inactive ducts and fluid volumes for this mode are excluded from the system for simulation. The modeled system, shown in Fig. 1 , includes interior air from the exit of the blower to the various registers and major structural parts including ducts, doors and interior dividing walls. Air at outside of the system is not modeled because the impedance of the exterior air can be approximated to the first order as purely inertial and is thus negligible compared to the mass of the structure. Furthermore, the natural damping of the material of the structure is not considered here.
Figure 1. A View of the Model and Mesh
The mesh for the model, also shown in Fig. 1 , consists of approximately 51000 nodes, 43000 fluid bricks, and 14000 shells, with the fluid and shells sharing the same nodes. There are approximately 12 brick elements per wave length for the maximum frequency of interest, 3000 Hz for the present case. This mesh size might not be fine enough to capture all details of the turbulent flow. However, it probably is sufficient to take into account the effects of global flow distribution on the acoustics.
Time steps -All critical time steps are automatically computed in the code according to Courant's stability condition
where ∆t is the time step size, h the size of an element, and c the sound speed. For computational efficiency, time step sizes are different for fluid flow and structure computations.
Blower noise -The blower and housing is not a part of the simulated system, and blower noise is treated as a given source to the simulated system. Blower noise was recorded experimentally and then transformed into a fictitious loudspeaker (or a plane piston) that would produce the same noise at the measurement location. It is noted that this modeling method might lead to overestimation of blower noise, because it does not effectively segregate the noise transported in the blower set from the noise radiated to the outside. It assumes that all the recorded noise come from the outlet section of the blower set which will be injected into the simulated air handling system. Therefore, other noises like motor noise, noise radiated from the housing, and turbulent noise outside of the system should not be considered.
Inlet boundary -Based on the blower noise model discussed above, the inlet condition of the simulated system is a prescribed time-dependent flux that is composed of the average air flux and the noise source from the blower. The average air flux is calculated based on a given air flow rate of 370 CFM to the system, and the blower noise is based on experimental data. The resultant inlet flux is shown in Fig. 2 .
Outlet boundaries -The impedance at a register outlet is approximated by an equivalent moving piston whose area is equal to the opening area of the register:
where Z is the impedance at the register outlet, a the radius of the piston, and κ the wave number. For the transient flow equations to be solved, this impedance corresponds to an added mass for nodes located at the outlet and to a constant imposed pressure condition. This approximation is valid as long as the wave number is much smaller than the reciprocal of the piston radius.
As the equivalent piston radii are smaller than 30 mm, the model is accurate for the [0 -3200 Hz] frequency range.
Figure 2. Time History of Velocity at Inlet
Porous medium -The evaporator and heater equipped in the air handling system are modeled as porous media. It is accomplished by applying Darcy's law to the compressible N-S equations. Performance curves characterizing the monodirectional pressure drops across these heat exchangers are input to the simulation as well.
SIMULATION SEQUENCE -The analysis is performed in the following sequence: 
Energy of the sources can be analyzed in a spectrum, and the modal deformation can be visualized for each energy peak.
In the acoustic postprocessing module of Radioss-CFD, the sound pressure level (SPL) at a location in the exterior field is computed via an approximate model for the sound radiation from the system. This model assumes that each node on the envelope of the computational domain behave like a monopole with known source strength (velocity flux). That a monopole radiates in omni-direction may result in less accurate SPL prediction for an exterior location close to the surface of the system. However, it is a reasonable approximation for locations farther away from the system.
To be considered as an alternative to the approximate monopole model and also to provide a comparison, a BEM Helmholtz equation solver was also applied for prediction of noise levels in the exterior field. The commercial package Comet/Acoustics [4] was used in the present study. Noise sources on the surface of the system are now the loading conditions for the BEM simulation. The SPL at the driver's ear location and its proximity were predicted using both methods.
RESULTS AND DISCUSSION
Preliminary numerical tests were performed to investigate possible errors due to numerical dissipation and dispersion. A two-dimensional strip-shaped domain as shown in Fig. 3 is considered. An unstructured mesh was created with the element size, h, comparable to that of the mesh utilized in the air handling system in Fig. 1 . A monodimensional air flow carries a white noise imposed at the inlet. The velocity of the average flow is given as 1.0 m/sec, and the magnitude of the random noise is 0.01 m/sec. A non-reflecting boundary condition is applied at the outlet. A similar error analysis was performed for acoustic waves in a medium without an average flow [5] . Numerical dissipation and dispersion errors for waves propagating in a 2-D unstructured meshed domain were analyzed and reported there.
After error analysis, convergence of computations is considered next. The injected noise has a random character and the spectrum varies with time for a given frequency. The computation was continued up to 0.3 seconds to obtain enough frequency resolution. However, it was noted that a computation of 0.3 seconds time duration is not long enough to collect enough data to make several spectra corresponding to several different time windows. Therefore, spectra cannot be proved to be stable. One solution would be to continue the computation for an additional 0.4 seconds and evaluate how different the radiated power is in terms of global value as well as spectrum. Based on the presently available results, the level of convergence could not be calculated in terms of numbers. However, convergence could be estimated qualitatively, such as from the curves in Fig. 6 showing the evolution of velocities at the driver center register and from the curve in Fig. 7 showing the kinetic energy of the whole structure. Results can be analyzed in terms of fluid flow as well as in terms of acoustics. Air flow variables, such as pressure, velocity, k, and ε, can be displayed in a contour or vector plot for any arbitrary cut plane in the computational domain. Fig. 8 shows velocity vectors of air flow in a vertical cut through the plenum.
Figure 8. Velocity Vectors of Air Flow in a Vertical Section
The acoustic velocity is attained after removing the average flow velocity component. Fig. 9 shows the acoustic velocity at inlet and driver center register in the time domain. Although details of the flow patterns will not be discussed here, an important finding must be pointed out: animations of the results do not indicate significant oscillations of the flow, which behaves as the superimposition of acoustic oscillations on a stationary flow field. The fluid/structure coupling is thus mainly acoustic. Simulating the whole coupled problem is justified not only because of the simplicity of the solution Kinetic Energy (joules) Acoustic Velocity (m/sec) (one set of equation and one numerical scheme for the different phenomena involved here), but also by the physics (acoustic coupling).
The system is also analyzed in the frequency domain after results are transformed using FFT. Fig. 10 shows the acoustic velocity spectra (dB reference 5x10 -8 m/sec) at the inlet and driver center register.
Figure 10. Acoustic Velocity Spectrum at Inlet and Driver Center Register
For the inlet curve, peaks can be observed in the low frequency range such as at 55 Hz, whereas the noise is basically broad band for higher frequencies. For the register curve, the sounds are attenuated in the medium range [100 -1000 Hz]. The attenuation is even greater for the higher frequency range. This effect can be explained by the noise transmission to the structure shown in Fig. 11 , which compares the power (dB ref.
5x10
-12 watt) radiated by the registers only and by the whole system including the structure. This effect is also observed in Fig. 12 , which shows the acoustic intensity (dB ref. 1.x10 -12 watt/m 2 ) contours on the surface of the system. The mode of deformation corresponding to each local peak of the kinetic energy of the structure can be extracted and displayed. Fig. 13 shows the velocity (dB  ref. 5x10 -8 m/sec) mode of the structure at the frequency of 414 Hz. The SPL field of the exterior space is computed again using Comet/Acoustics to provide a comparison to the above approximate method. Radioss-CFD results (acoustic velocity) on the surface of the system were injected in Comet as loading input to produce exterior field results. The SPL field was then computed with the same field point mesh used in the approximate method. The approximate and BEM results are compared for a couple of field points in this plane. Fig. 15 is for Point A defined in Fig. 14, while Fig. 16 is for A comparison with test data is attempted next. No designed validation experiments were conducted yet. What compared here are the closest test cases done in the lab for product development. The air handling system was tested in an anechoic room, operating at required conditions. The blower and housing is part of the system exposed in the test room, in contrast to the simulated configuration where the blower set is excluded from the simulated system. Sound pressure levels were measured at the driver's ear location, which is about 79 cm away from, 30 cm to the driver side of, and 22 cm above the driver center register opening. Fig. 17 shows the SPL (dB) at the driver's ear location of the CAA results and of test data. The predicted spectrum shows higher and more peaks than the measured one in the [300 -700 Hz] frequency range. The predictions are lower than test data at higher frequencies. The predicted total SPL is 73 dB for the driver's ear location, while the tested total SPL is 66 dB. The predictions are higher than test data, most possibly due to an overestimated blower noise input discussed in the Methodology section.
This comparison serves as a preliminary step toward a full validation. As mentioned above, there are recognized inconsistencies in the setups of the physical and numerical tests presently discussed. A complete validation is still needed and will be presented upon completion. There was an interest to investigate how the Helmholtz equation solver can handle the subject application. Now we complete the paper with an extended effort on comparing the CAA and BEM simulations. Comet/Acoustics again was utilized to simulate the full air handling system. In this case, boundary elements are created on the surface of the structure and there are no fluid brick elements inside. Average air flow is not considered here. Porous media representing the heat exchangers are not considered either. The same blower noise, but in the frequency domain, is now the loading input at the inlet. Structural modes with no damping taken into account are solved in ANSYS in advance and are input to the analysis as well. Acoustic fields both interior and exterior to the system are then solved simultaneously [4] . The analysis was conducted with a frequency sweep in the range of [5 -1000 Hz] .
The difference between the results of the two analyses is investigated. Although a complete detailed comparison was not attempted, the two results show interesting correlations. The acoustic velocity spectra at the driver center register are plotted in Fig. 18 . The two curves are basically close to each other in the higher frequency range. For frequencies lower than 150 Hz, the BEM curve shows two peaks versus a single peak of the CAA curve. Also, the BEM curve shows sharper peaks than the CAA curve does. This difference might be due to the damping effects of the nonlinear turbulent flow and porous media simulated in the CAA analysis. In addition, this comparison represents a difference between the time domain and frequency domain methods. Because blower noise is basically white broad band noise, a time domain method is favored over the frequency domain method from this aspect. Both methods require a large amount of computational effort. The time domain method requires a long simulation time to ascertain convergence and allow for averaging for the spectra, while the frequency domain method has to complete a frequency sweep for a large frequency range.
CONCLUSION
This study shows a case to apply time domain simulation to a real problem of industry. The presented methodology solves fluid flow, structural vibration, and acoustics of an air handling system in a single process. The interactions between fluid flow and structure are taken care of automatically. Sound was analyzed for a wide range of frequency. Noise sources in the system were evaluated in detail. Sound pressure levels in the exterior field were also predicted.
Noises generated by turbulence within the system are not predicted in the present study because of the limitations of the k-ε turbulence model. However, turbulent noise could be estimated, at least roughly, from the present results. Investigation of turbulent noise will be an effort of future work.
Three comparisons were made. The first comparison is between the approximate monopolar model and BEM method for SPL in exterior field. The two results compare well, indicating that a fast computation by the approximate model is sufficient for the distance range investigated. On the other hand, the developed process to interface with a BEM solver will lead to a full BEM solution if a more accurate result becomes necessary.
The second comparison is between the CAA results and test data, in spite of the many recognized inconsistencies between the physical and numerical tests of the time they were conducted. The total SPL and spectrum were compared for the driver's ear location. The predictions are slightly higher than test data, most possibly due to an overestimated blower noise input to the system. This comparison is preliminary to a full validation.
The third comparison is between the CAA and BEM results for the entire air handling system. The two results show interesting correlations for the limited comparison attempted. The BEM result shows sharper peaks in spectrum than the CAA result does, a difference most likely due to damping of the nonlinear turbulent flow and porous media simulated in the CAA analysis.
